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Insula  function  has  been  associated  with  emotional  regulation,  adjusting  to  changing
outcomes  under  risk,  reward  and  loss  anticipation,  discounting  of  future  rewards,  and self-
rated impulsivity.  The  role  of  the  insula  in  these  processes  may  be  fundamentally  related  to
prospective  thinking,  a trait  that increases  with  age.  There  is evidence  that  insular  cortical
thickness  shows  age  related  decreases  that parallel  age related  increases  in  future  orienta-
tion and  planning.  We  tested  the  hypothesis  that  nonplanning  decreases  with  age  and  that
insula thickness  is  related  to  both  age  and  nonplanning  impulsivity.  Fifty-nine  male  andDevelopment
Adolescence
Insula
Emotion
Planning
female  participants,  ranging  in age from  10  to 22 years  old,  underwent  structural  magnetic
resonance  imaging  (MRI)  procedures  and  were  assessed  using  the Barratt  Impulsiveness
Scale  (BIS).  We  observed  that  anterior  insula  thickness  and  nonplanning  impulsivity  show
an inverse  relationship  with  age  and  that  there  is  a  signiﬁcant  positive  linear  relationship
between  anterior  insula  thickness  and nonplanning.
 The Au© 2013
1. Introduction
Several models of neurodevelopment have been
advanced to provide a neurobiological schema that clari-
ﬁes  changes in self-control from adolescence to adulthood.
Many of the proposed models capitalize on the results
of  functional neuroimaging studies (fMRI) using decision-
making tasks to assess decision under risk, during the
evaluation of future versus immediate rewards, and under
conditions that require inhibitory control (Casey et al.,
2008;  Ernst et al., 2008; Galvan et al., 2007; Geier and
Luna,  2009; Rubia et al., 2007). These investigations have
∗ Corresponding author at: The Brain Institute, 383 Colorow Drive, Salt
Lake City, UT 84108, USA. Tel.: +1 801 598 4955.
E-mail address: john.churchwell@psych.utah.edu (J.C. Churchwell).
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provided key insights into how decision processes change
in  relationship to neuromaturation and have primarily
focused on the contribution of fronto-striatal and fronto-
limbic disconnections to risk taking behavior. Although a
network  of brain regions is implicated in the development
of self-control, the insular cortex, a structure thought to be
important  in decision-making, has received limited atten-
tion  in the domain of neurodevelopment.
Studies  applying neuroeconomic approaches to assess
brain changes associated with anticipation and decision
under risk and uncertainty have indicated an important
role for the insula (Clark et al., 2008; Venkatraman et al.,
2009;  Xue et al., 2010). The paradigms used in these stud-
ies  are thought to be proxies for real-world risky decisions
because they often assess preference between smaller less
risky  or immediate rewards and larger rewards that entail
Open access under CC BY-NC-ND license.greater  risk or increased delays. Delay discounting is an
expression of subjective preference for smaller immedi-
ate  rewards and larger delayed rewards. Individuals that
prefer  smaller immediate rewards are characterized as
-NC-ND license.
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eing impulsive, whereas those individuals willing to wait
or  larger delayed rewards are said to be self-controlled.
he insula appears to be involved in delay discounting as
ncreased  activation of this region has been observed when
ealthy  adult subjects select larger delayed over smaller
mmediate rewards (Wittmann et al., 2007) and insula acti-
ation  is greater in response to discounting of future losses
han  gains (Xu et al., 2009). Insula function has also been
ssociated with self-rated impulsivity. For example, Lee
t  al. (2008) used the Barratt Impulsiveness Scale (BIS) to
ssess  the relationship between trait impulsivity and brain
ctivity  in a group of healthy adult subjects that underwent
MRI scanning while performing a risky decision task. They
bserved  increased activity in several structures, including
he  insula, among high impulsive, relative to low impulsive,
ubjects.
In  the period from early adolescence to early adult-
ood, the cortical mantle undergoes extensive reﬁnement
Gogtay et al., 2004). For example, Shaw et al. (2008) found
hat,  in the age range from 5 to 25, cortical thickness
or distinct brain regions develop along different trajecto-
ies.  Findings from this study speciﬁcally showed that the
nterior  insula follows a linear path during early devel-
pment. Reﬁnement in anterior insula function during
evelopment may  be reﬂected in age-related reductions
n  cortical thickness that putatively reveals experience
ependent pruning in this region (Chechik et al., 1998;
uttenlocher and Dabholkar, 1997). This change in cor-
ical  composition corresponds to linear changes in levels
f  self-reported impulsivity and future orientation that
ccur  from adolescence to early adulthood (Steinberg
t al., 2008, 2009). Thus, during this developmental period,
ndividuals may  be gaining a wide range of life experi-
nces that support a reﬁnement in cortical representations
roadly and in the insula speciﬁcally. It has been argued
hat  the insula is the neural substrate for encoding and
etrieval of body states associated with environmental
timuli and that the insula represents the emotional
elf through time (Craig, 2009b; Damasio, 1999; Naqvi
nd  Bechara, 2010). It has further been proposed that
ne  of the key adaptive functions of the self is to aid
n  future oriented thought, which may  support optimal
ecision-making (Sedekides and Skowronski, 1997). Thus,
n  attenuated capacity to imagine possible future states
ay  lead to suboptimal decisions and increased impulsive
hoice.
In  summary, there is evidence that the insula undergoes
tructural reﬁnement through early development that par-
llels  changes in future orientation, is directly involved in
ecision-making that requires subjective judgments about
alue  though time, and plays a role in encoding, retriev-
ng, and representing interoceptive states and emotional
xperience. We  hypothesized that anterior insular cor-
ical  thickness would show age-related reductions, that
e  would observe age-related decreases in nonplanning
mpulsivity, and that insular cortical thickness would be
elated  to changes in self-reported nonplanning impul-
iveness. In order to test these hypotheses, we acquired
tructural brain images from a sample of subjects ranging
n  age from 10 to 22 years old and also assessed impulsivity
sing the BIS (Patton et al., 1995).tal Cognitive Neuroscience 6 (2013) 80– 86 81
2. Materials and methods
2.1.  Procedure
The University of Utah School of Medicine institutional
review board approved the study and all participants read
the  informed consent and assented to participate in the
study.  Parents were required to consent for participants
less than 18 years of age. On the day of the study visit, MRIs
and  self-report measures of impulsivity were acquired.
2.2.  Subjects
Fifty-nine healthy male and female participants, ran-
ging  in age from 10 to 22 years old (female, x = 15.03,
SE ± .48 years/male, x = 15.83, SE ± .56), underwent struc-
tural  magnetic resonance imaging (MRI) procedures and
were  assessed using the BIS. No signiﬁcant differences
between groups were observed for sex by age distri-
bution 2 (11, N = 59) = 13.68, p = .25. Participants also
completed the Structured Clinical Interview for DSM-IV
Patient Version (SCID-I/P) (First et al., 2002) and all par-
ticipants included in the study sample were free from
current major DSM-IV Axis I diagnosis, including substance
abuse or dependence. Additional exclusion criteria for all
subjects  included major sensorimotor disabilities, neuro-
logical  disease that would impact neurobiology, history of
electroconvulsive therapy, and implants that would be con-
traindicated for MRI.
2.3.  MRI acquisition
All  acquisitions were performed with a Siemens 3-T Trio
magnet  using a 12 channel head coil and T-1 weighted
3D MPRAGE sequence: ﬁeld of view 256 mm,  TR 3 ms, TE
3.38  ms,  ﬂip angle 8◦, 1 mm slice thickness.
2.4. Image analysis
Analyses  were completed using the standard
FreeSurfer (5.1) processing stream (http://surfer.nmr.mgh.
harvard.edu/). The following workﬂow procedures were
used. High-resolution T1 MPRAGE volumes in DICOM
format were anonymized and imported into the FreeSurfer
image analysis environment. Semi-automated methods
employing the default surface-based and volume-based
pipelines were used. Processing included registration with
the  Talairach and Tornoux atlas, intensity normalization,
skull stripping, segmentation of white and deep gray
matter volumetric structures, gray and white matter
boundary determination (Dale et al., 1999; Fischl et al.,
2001;  Sled et al., 1998). Cortical white matter surfaces
were used in a deformation procedure that assigns gray
and  white matter borders by following intensity gradients
to  the position at which the maximum shift in intensity
designates the transition to the other tissue class (Fischl
and  Dale, 2000). Several deformation procedures including
inﬂation, spherical registration, and cortical parcellation
were also performed (Desikan et al., 2006). An automated
registration procedure was  used to label each voxel in
an  MRI  volume based on probabilities estimated from a
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Hierarchical multiple regression was used to test the
hypothesis that nonplanning decreases with reductions in
anterior  insular cortical thickness and to further assess
Table 1
Hierarchical regression for nonplanning (age, sex).
Variable B SE B  ˇ t
Step 1 Age −.424 .210 −.258 −2.020 *
Step 2 Age −.399 .213 −.243 −1.875Fig. 1. From left to right, axial view, coronal view, midsagital view with
with  regions of interest (ROIs) in the insula, including the anterior insula
manually labeled training set (Fischl et al., 2002). Standard
predeﬁned region of interest (ROI) maps were used in
the  statistical analysis for the left and right insular cortex
(Destrieux et al., 2010; aparc.a2009s.annot). It has been
proposed that the function of the insula is somewhat
heterogeneous with primary homeostatic representa-
tions in the posterior insula integrated into the anterior
compartment which is involved in representing ‘global
emotional moments’ (Craig, 2009a). There is evidence that
the  anterior, but not posterior, insula shows age-related
linear changes in morphology during early development
(Shaw et al., 2008). Taken together with the previous
observation concerning the role of the anterior insula in
representing emotion, linear morphological changes in
the  anterior compartment of this structure during early
development may  be a predictor of emotional develop-
ment. Consequently, in the present study ROIs for the
anterior and superior circular sulcus of the insula, short
insular gyrus, and central sulcus of the insula were merged
to  form a label map  of the anterior insula, whereas the
insula label map  for the posterior insula was formed by
merging labels for the inferior circular sulcus of the insula
with  the long insula gyrus (Fig. 1). These compartments
of the anterior and posterior insula are consistent with
previously reported delineations (Makris et al., 2006;
Rosso et al., 2010).
2.5.  Impulsivity instrument and administration
Participants were administered the Barratt Impulsive-
ness Scale version 11. The BIS is a 30 item self-report
questionnaire which measures several dimensions of
impulsivity including attention, motor, and nonplanning
impulsiveness. These dimensions index acting without
thinking, attentional vigilance, and future versus present ori-
entation,  respectively (Patton et al., 1995). Subjects were
escorted to a private testing room and administered the
self-report instrument orally by trained research staff.
Scores on each dimension were summed to obtain indi-
vidual  scores for each dimension.
3. Results
3.1. Age and nonplanning impulsivityHierarchical multiple regression was used to test the
hypothesis that nonplanning decreases with age and deter-
mine  whether sex was a contributing variable to predictingnstruction of the insula, and inﬂated cortical surface of a single subject
 and the posterior insula in orange.
nonplanning impulsivity. Age was  entered in the ﬁrst step
of  the analysis and sex was  entered in the second step. The
results  demonstrated a signiﬁcant effect of age on nonplan-
ning  impulsivity F(1, 57) = 4.08, p < .05, with age explaining
7%  of the variance in nonplanning impulsivity. However,
sex did not provide greater explanation in variance beyond
age  F(1, 56) = .744, p > .05 (Table 1 and Fig. 2). These results
are  in agreement with previous research indicating that
age,  but not sex, contributes to self-reported impulsivity
(Steinberg et al., 2008).
3.2.  Age and insula cortex thickness
Separate hierarchical multiple regressions were used to
test  the hypothesis that regional insula cortex thicknesses
decrease linearly with age and assess whether sex is a con-
tributing  variable to predicting insula cortex thickness. Age
was  entered in the ﬁrst step and sex was entered in the
second step. The results demonstrated a signiﬁcant effect
of  age on left anterior, F(1, 57) = 17.61, p < .001 and right
anterior, F(1, 57) = 21.20, p < .01, but not left or right poste-
rior  (ps > .05) insula cortex. Age explained 24% and 27% of
the  variance in left and right anterior insula cortex, respec-
tively,  whereas sex did not provide greater explanation in
variance  beyond age, ps > .05 (Table 2). These results are
consistent with the proposal that anterior and posterior
insula cortex are functionally heterogeneous, and empirical
research indicating that anterior, but not posterior, insula
cortex  changes linearly with age, independent of sex (Shaw
et  al., 2008).
3.3.  Insula cortical thickness and nonplanning
impulsivitySex −1.049 1.217 −.112 −.862
Dependent variable: nonplanning impulsivity. R2 = .07 for Step 1;
R2 = .01 for Step 2, n.s.
* p < .05.
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hether posterior insula cortical thickness and sex con-
ribute  to predicting nonplanning scores over and beyond
nterior insula cortex. Left and right anterior insula cortex
hicknesses were entered in the ﬁrst step of the anal-
sis. Posterior insular cortex thicknesses and sex were
ntered in the second step of the analysis. The results
emonstrated a signiﬁcant effect of anterior insular cortex
n  nonplanning impulsivity, F(2, 56) = 5.56, p < .001, with
nterior  insula cortex thickness explaining 17% of the vari-
nce  in nonplanning impulsivity. However, posterior insula
ortex  and sex did not provide increased explanation in
able 2
ierarchical regression for insula cortex thickness (age, sex).
Variable B SE B  ˇ t
Dependent variable: left anterior insula
Step 1 Age −.023 .005 −.486 −4.196 ***
Step 2 Age −.022 .005 −.468 −4.008 ***
Sex −.035 .031 −.129 −1.110
Dependent  variable: right anterior insula
Step 1 Age −.029 .006 −.521 −4.604 ***
Step 2 Age −.029 .006 −.512 −4.457 ***
Sex −.019 .037 −.060 −.526
Dependent  variable: left posterior insula
Step 1 Age −.002 .009 −.032 −.238
Step  2 Age .000 .009 .001 .007
Sex  −.089 .050 −.232 −1.771
Dependent  variable: right posterior insula
Step 1 Age −.005 .008 −.089 −.673
Step  2 Age −.004 .008 −.067 −.507
Sex  −.050 .044 −.153 −1.151
eft anterior insula, R2 = .24 for Step 1; R2 = .02 for Step 2, n.s.; right ante-
ior insula, R2 = .26 for Step 1; R2 < .01 for Step 2, n.s.; left posterior insula,
2 < .01 for Step 1; R2 = .05 for Step 2; right posterior insula, R2 < .01 for
tep 1; R2 = .02 for Step 2 n.s.
*** p < .001.thickness, and nonplanning impulsivity.
variance beyond anterior insula cortex thicknesses, F(3,
54)  = 1.32, p > .01 (Table 3).
4. Discussion
Reﬁnement in anterior insula function during develop-
ment may  be reﬂected in age-related reductions in cortical
thickness that reveals experience dependent pruning and
synaptic  plasticity in this region (Brenhouse and Andersen,
2011; Chechik et al., 1998; Huttenlocher and Dabholkar,
1997). This change in cortical composition corresponds to
linear  reductions in levels of self-reported impulsivity and
future  orientation that occur from early adolescence to
early  adulthood (Steinberg et al., 2008, 2009). We  hypothe-
sized  that, in our cohort of subjects, ranging in age from 10
to  22 years old, insular cortical thickness would decrease
with age, that we would observe age-related decreases in
nonplanning impulsivity, and that insular cortical thick-
ness  would be related to this change. Our results indicate
that as age increases anterior insula thickness decreases
linearly, as does nonplanning impulsivity, whereas poste-
rior  insula does not, consistent with previous observations
of linear and nonlinear development of these different
Table 3
Hierarchical regression for nonplanning (anterior insula, posterior insula).
Variable B SE B  ˇ t
Step 1 L Ant Ins 15.543 5.739 .445 2.708 **
R Ant Ins −1.751 4.787 −.060 −.366
Step  2 L Ant Ins 18.132 6.136 .519 2.955 **
R Ant Ins −.870 4.777 −.030 −.182
L  Pos Ins 1.912 3.213 .078 .595
R  Pos Ins −7.616 4.067 −.266 −1.872
Sex  −.692 1.181 −.074 −.585
Dependent variable: nonplanning impulsivity. L, left; R, right; Ant, ante-
rior; Pos, posterior; Ins, insula. R2 = .17 for Step 1; R2 = .06 for Step 2,
n.s.
** p < .01.
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Fig. 3. Proposed model with relationships among neurodevelopmental,
cognitive, and emotional processes from early adolescence to young
adulthood. Experience-dependent synaptic plasticity supports acquir-
making, through its fundamental role in interoception anding knowledge about the linkage between interoceptive states, emotion,
and emotional regulation strategies, which inform and are informed by
prospective thinking that leads to optimal choice during decision-making.
insular subregions. Moreover, anterior insula thickness was
positively  associated with nonplanning impulsivity.
Studies using neuroeconomic approaches to assess
brain changes linked to anticipation and decision under risk
and  uncertainty have indicated an important role for the
insula  (Clark et al., 2008; Venkatraman et al., 2009; Xue
et  al., 2010). For example, healthy adult subjects under-
went  fMRI scans while performing a risky-gains task in
which  they could select to receive 20, 40, 60 or 80 points. If
they  chose the 20-point option they received those points
for  certain, whereas if they selected the 40 or 80 point
options they risked losing that amount. However, unknown
to  the subjects, whatever strategy they selected the ﬁnal
payoff  was the same. The results of the study indicated
that insula activation was increased for risky compared
to  safe choices, increased following losses, and was also
greater after risky choices that resulted in gains than dur-
ing  risky choices that resulted in losses (Paulus et al., 2003).
Self-reported impulsivity and urgency have also been asso-
ciated  with insula activation in fMRI studies where risky
decision-making was tested. For example, Lee et al. (2008)
assessed subjects using the BIS and categorized individ-
uals  as either low or high impulsivity. Subjects were also
tested  using a risky gains task while undergoing fMRI. The
risky  gains task involves selecting a certain small reward
or  an uncertain larger reward that could result in high
gains or losses. Increased activity in a network of structurestal Cognitive Neuroscience 6 (2013) 80– 86
including the orbitofrontal cortex, insula, and parietal cor-
tex  was observed in individuals categorized as highly
impulsive, in contrast to performance matched low impul-
sive  subjects. Moreover, Xue et al. (2010) tested subjects
in  a gambling task and found increased insula activation
in  no-risk trials, compared to risk-win trials, was  associ-
ated  with individual urgency assessed using the urgency
subscale of the UPPS Impulsive Behavior Scale.
The insula also appears to play a role in delay dis-
counting. For example, increased activation of this region
has  been observed when adults select larger future over
smaller immediate rewards (Wittmann et al., 2007). It has
also  been shown that insula activity is related to individ-
ual  preference for small immediate or larger delay rewards
(Marco-Pallares et al., 2010) and is greater in response to
discounting of future losses than gains (Xu et al., 2009). One
hypothesis regarding delay discounting is that the degree
of  continuity between an individual’s future and present
self  is related to valuation of delayed rewards. For example,
self-continuity is the degree to which an agent believes that
their  present and future self will be in agreement (Parﬁt,
1971). Preference for larger delayed rewards in a delay
discounting procedure is predicted by self-continuity, as
indexed  by endorsement of similarity and connectedness
to a future self, as well as how much an individual likes
and  cares about their future self (Ersner-Hershﬁeld et al.,
2009).
Damasio  (2003) has proposed that feelings and the self
have  a shared neurobiological basis in the insula. The insula
may  be speciﬁcally involved in conscious awareness of
body  states that constitutes the necessary substrate for the
emotional-self though time (Craig, 2009b). Consistent with
this  view, as interoceptive awareness increases so does the
intensity  of experienced emotions (Pollatos et al., 2007).
Moreover, interoceptive awareness, as indexed by accuracy
on  a heartbeat detection task, positively correlates with
both  insula morphology and functional activity (Critchley
et  al., 2004). Adolescence marks a period of increased emo-
tional  intensity and frequency of emotional change (Larson
et  al., 1980) and the progression from adolescence to young
adulthood also involves the acquisition of competencies
that include regulatory skills for responding to emotional
change. For example, adolescents, compared to adults, have
been  shown to have a reduced capacity to identify, assim-
ilate,  and understand emotions as assessed by emotional
intelligence testing (Mayer et al., 2000). Under emotional
challenge, adults show increased activation of the insula
compared to adolescents, and magnitude of activation in
the  insula of adults predicts decreased autonomic response
under  challenge (Lewis et al., 2008). A critical issue in
understanding emotional regulation during adolescence
is  clariﬁcation of neural systems that support reappraisal
(Pfeifer and Blakemore, 2012). It has been shown that emo-
tional  regulation strategies such as reappraisal can modify
risky  decision-making (Pitskel et al., 2011) and alter insular
activation (Goldin et al., 2008). Thus, insula function may
be  related to prospective thinking and, ultimately decision-emotion  (Fig. 3). For example, emotion, emotional regula-
tion  such as reappraisal, and traits are thought to interact
dynamically and bidirectionally (Lewis, 2005).
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Our data indicate that self-reported nonplanning
mpulsivity decreases with age as does anterior insula
hickness. Further, insula thickness was positively associ-
ted  with nonplanning impulsivity. We  speculate that this
et  of relationships is a consequence of insula plasticity
hat supports normal developmental processes from early
dolescence to young adulthood that entails acquiring
nowledge about the linkage between interoceptive states,
motional experience, and emotional regulation strategies,
hich  inform and are informed by prospective thinking
hat leads to optimal choice during decision-making.
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